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Axionlike-particles (ALPs) are one promising type of dark matter candidate particle that may
generate detectable effects on γ-ray spectra other than the canonical weakly interacting massive
particles. In this work we search for such oscillation effects in the spectra of supernova remnants
caused by the photon-ALP conversion, using the Fermi Large Area Telescope data. Three bright
supernova remnants, IC443, W44, and W51C, are analyzed. The inclusion of photon-ALP oscilla-
tions yields an improved fit to the γ-ray spectrum of IC443, which gives a statistical significance of
4.2σ in favor of such spectral oscillation. However, the best-fit parameters of ALPs (ma = 6.6 neV,
gaγ = 13.4 × 10−11 GeV−1) are in tension with the upper bound (gaγ < 6.6 × 10−11 GeV−1) set by
the CAST experiment. It is difficult to explain the results using the systematic uncertainties of the
flux measurements. We speculate that the “irregularity” displayed in the spectrum of IC443 may
be due to the superposition of the emission from different parts of the remnant.
PACS numbers: 95.35.+d, 95.85.Pw, 98.58.Mj
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I. INTRODUCTION
The presence of a large amount of dark matter (DM) in
the Universe has already been convincingly established.
Due to the very weak interaction of DM particles with
standard model particles, the particle nature of DM is
still far from clear. At present, the most popular DM
candidate is a kind of weakly interacting massive parti-
cle, which can naturally account for the DM density in
the current Universe assuming that they decoupled from
a plasma soup in the very early Universe. Axion, a hypo-
thetical sub-eV particle beyond the standard model in-
troduced to solve the CP violation in strong interaction
[1–4], is one promising candidate of cold DM. Because the
axion mass and the coupling to photons are correlated
with each other, the conventional scenario of axions has
been strongly constrained or ruled out by ground-based
experiments [5–7]. Axionlike-particles (ALPs), particles
that have similar properties to axions, have been pro-
posed as an alternative to axions to explain the DM.
The mass and coupling of ALPs can be independent
from each other, which can avoid such experimental con-
strains. ALPs may make up a significant fraction or all
of the DM in the Universe [8].
The Lagrangian of the interaction between photons
and ALPs in the magnetic field can be written as
L = gaγ ~E · ~Ba,
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where ~E, ~B, and a are electric, magnetic, and axion-
like fields, and gaγ is the coupling constant. High-energy
γ-ray photons can oscillate to ALPs (and vice versa)
when passing through external magnetic fields, if the field
strength is strong enough and the propagation distance
is long enough. The photon-ALP oscillation induces spe-
cific modulation in the spectra of γ-ray sources, which
could be a smoking-gun signature for the existence of
ALPs [9–15].
The γ-ray data have been widely used to search for
ALP signals [16–25]. The Fermi Collaboration searched
for ALPs from the radio galaxy NGC 1275, located in the
Persus cluster, which has relatively good magnetic field
measurements. No significant ALP signal was found, and
a large part of the parameter space for the low γ-ray
opacity of the Universe was excluded [20]. The HESS
Collaboration used the data of PKS 2155-304 to con-
strain the ALP properties, and derived an upper limit
of the ALP-photon coupling at the 95% confidence limit
(CL) to be gγa < 2.1 × 10−11 GeV−1 for ALP masses
of 15 − 60 neV. With the Fermi Large Area Telescope
(Fermi-LAT) observation of PKS 2155-304, Zhang etal.
[22] showed that the holelike feature that survived in the
constraints of NGC 1275 by the Fermi Collaboration [20]
can be further excluded. Analysis of Galactic sources has
also been used to search for ALPs. By studying modu-
lation behaviors in spectra of 6 γ-ray pulsars, Majumdar
etal. [23, 24] reported intriguing indications of photon-
ALP mixing. Even stronger evidence was obtained in a
further analysis of 12 non-Galactic plane pulsars [25]. In
addition, a recent research used the photons emitted by
high-energy neutrino sources to search for axionlike par-
ticles and found that an experiment like LHAASO could
probe very deep into the ALP parameter space [26].
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2In this work we search for possible ALP-photon os-
cillation signals in γ-ray spectra of supernova remnants
(SNRs). Note that γ-ray emission of SNRs is from either
the inverse Compton radiation of high-energy electrons
accelerated in SNR shocks or the inelastic collision be-
tween high-energy protons and the surrounding medium.
Within all the sources observed by the Fermi-LAT, SNRs
are among the ones with highest fluxes [27, 28] and are
thus good targets for the search for spectral distortions.
Moreover, SNRs are usually located in the Galactic plane,
and the magnetic fields along the lines of sight are rela-
tively high.
We focus on three middle-aged SNRs, IC 443, W44
and W51C. They are the brightest SNRs observed by
the Fermi-LAT [28]. Evidence of pi0-decay emission is
displayed in their γ-ray spectra [29, 30]. The basic infor-
mation of these sources, including their positions in the
sky and distances, is listed in Table. I.
II. PHOTON-ALP OSCILLATION IN THE
MILKY WAY MAGNETIC FIELD
In the Milky Way magnetic field, photons and ALPs
can oscillate into each other. For a homogeneous mag-
netic field with size l, the survival probability for an ini-
tially polarized photon with energy Eγ is [31, 32]
PALP = 1− Pγ→a (1)
= 1− 1
1 + E2c /E
2
γ
sin2
[
gaγBTl
2
√
1 +
E2c
E2γ
]
,
where the characteristic energy Ec is defined as
Ec =
∣∣∣m2a − w2pl∣∣∣
2gaγBT
, (2)
and w2pl = 4piαne/me is the plasma frequency. Strong
mixing between photons and ALPs happens when the
photon energy is higher than the characteristic energy.
With BT ∼ 1µG, ne = 10−1cm−3, gaγ = 10−10 GeV−1,
and ma = 10
−9 eV, the characteristic energy is about
250 MeV, which is in the energy range of Fermi-LAT.
To calculate the survival probability in the Milky Way
magnetic field, we solve the evolution equation for the
photon-ALP beam as in Refs. [31, 32]. For simplicity,
the γ-rays from the source are assumed to be unpolarized.
Such an assumption would yield conservative results.
The magnetic field of the Milky Way consists of a large-
scale regular component and a small-scale random com-
ponent. The coherence length of the random magnetic
field is much smaller than the regular magnetic field as
well as the photon-ALP oscillation length. Therefore,
we neglect the random magnetic field. For the regular
magnetic field, we consider three different models de-
veloped by Jansson and Farrar [33], Sun etal. [34], and
Pshirkov etal. [35], which are denoted as Bfield1, Bfield2
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FIG. 1: Survival probabilities PALP for photons of IC443,
for (ma, gaγ) = (6.6 neV, 13.4 × 10−11 GeV−1), and three
magnetic field models.
and Bfield3, respectively. Figure 1 illustrates the sur-
vival probabilities for photons of IC443, for given ALP
parameters and the three magnetic field models.
III. LAT DATA ANALYSES
We use nearly nine years of Fermi-LAT Pass 8 data
from October 27, 2008 (MET = 246823875) to August
15, 2017 (MET = 524448005). The Pass 8 data have
several important improvements compared with previ-
ous versions, including an extension of the energy range,
better energy measurements, and a larger effective area
[36]. We select the photons with energies from 300
MeV to 800 GeV. The FRONT+BACK conversion-type data
with the SOURCE event class are adopted in the anal-
ysis. We apply a zenith angle cut of θ < 90◦ to re-
duce the contribution from the Earth’s limb and adopt
the recommended quality-filter cuts (DATA QUAL==1 &&
LAT CONFIG==1) to extract the good time intervals. The
instrument response functions (IRFs) P8R2 SOURCE V6
and the diffuse emission templates gll iem v06.fits
and iso P8R2 SOURCE V6.txt are used, which are avail-
able from the Fermi Science Support Center1.
The standard binned likelihood analysis is performed
for 30 evenly spaced logarithmic energy bins. When the
TS (test statistic, defined as two times the logarithmic
likelihood ratio between the signal hypothesis and the
null hypothesis of the target source) value of the target
SNR is smaller than 25, the pyLikelihood UpperLimits
tool is adopted to calculate the 95% upper limit of the
flux in that energy bin.
Then we perform the χ2 analysis on the obtained spec-
1 http://fermi.gsfc.nasa.gov/ssc/
3TABLE I: The basic information and ALP analysis results
Name lon [◦] lat [◦] d [kpc] TSaBfield1 TSBfield2 TSBfield3
IC443 189.065 3.235 1.5 21.2 21.5 21.8
W44 34.560 -0.497 3 4.6 3.9 3.7
W51C 49.131 -0.467 5.5 2.2 3.1 5.0
Geminga 195.133 4.270 0.25 9.1 9.2 6.3
Vela 263.555 -2.787 0.3 0.9 0.3 1.9
aTS = χ2
w/oALP,min
− χ2wALP,min
tral energy distribution (SED). The intrinsic spectrum of
the SNR is modeled by a LogParabola function2, as used
in the Third Fermi-LAT catalog (3FGL) [27](
dN
dE
)
SNR
= N0
(
E
Eb
)−[α+βlog(E/Eb)]
, (3)
where Eb is a scale parameter which is fixed [37]
3.
To take into account the photon-ALP oscillation effect,
we multiply the intrinsic spectrum by the survival prob-
ability PALP. The energy spectrum with photon-ALP
oscillation can be expressed as(
dN
dE
)
wALP
= PALP(gaγ ,ma, E)
(
dN
dE
)
SNR
. (4)
We further consider the energy dispersion of Fermi-
LAT. After convolving the energy dispersion function
Deff(E
′, E), we get the final observed spectrum
dN
dE′
= Deff ⊗ dN
dE
, (5)
where E′ and E represent the observed and the true en-
ergy.
The models with or without the photon-ALP oscilla-
tion are used to fit the Fermi-LAT spectra. The fits are
repeated for a grid of ALP masses ma and photon-ALP
couplings gaγ . The ALP parameters are fixed in each fit.
Meanwhile, for both models, N0, α, and β are set to be
free, while Eb is frozen to the default value in the 3FGL
[27]. By scanning a grid of (ma, gaγ), we obtain the op-
timal ALP parameters in the parameter space. The scan
ranges of the coupling constant and the ALP mass are
0.1− 100× 10−11 GeV−1 and 0.1− 100 neV, respectively.
IV. RESULTS
The fitting TS values of the ALP model (TS =
χ2w/oALP − χ2wALP) for the three SNRs and three mag-
netic field models are tabulated in Table I. We find that
2 https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/
source_models.html
3 We have tested that setting Eb free only affects the results
slightly.
IC443 gives a relatively high TS value (∼ 21) of the os-
cillation model. The TS values depend weakly on the
chosen magnetic field model, indicating that the pres-
ence of spectral irregularities is robust. For the other
two SNRs, the preference of photon-ALP oscillation is
not significant.
The TS values of the two-dimensional parameter space
(ma, gaγ) for IC443 are shown in Fig. 2. The red (blue)
regions are favored (disfavored) by the data. In the case
of the Bfield2, we get an improvement of about 21.5 for
the χ2 (i.e., χ2w/oALP − χ2wALP = 21.5). With 2 degrees
of freedom, this means a local significance of 4.2σ. The
best-fit values of the coupling constant and ALP mass
are gaγ = 13.4 × 10−11 GeV−1 and ma = 6.6 neV, re-
spectively. The comparison between the models and the
observational SED is given in Fig. 3. We can see that in-
cluding the photon-ALP oscillation, the model prediction
matches the data better.
Nevertheless, the CAST experiment set the upper limit
of the coupling constant gaγ as 6.6 × 10−11 GeV−1 (the
black dashed line in Fig. 2) [5]. The best-fit values of
the coupling constant for IC443 for the three kinds of
Galactic magnetic field models are all excluded by the
CAST limits. This challenges the photon-ALP oscillation
interpretation of the spectral irregularities of the γ-ray
spectrum of IC443.
V. SYSTEMATIC UNCERTAINTIES
A. Binning of the data
To test the possible binning effect, we repeat the anal-
ysis of IC443 for 80 evenly spaced logarithmic energy bins
from 300 MeV and 800 GeV. The TS distribution as a
function of ma and gaγ is plotted in Fig. 4. We find that
the result is quite consistent with the previous one. The
TS value of the best-fit model becomes slightly larger
than that of 30 bins (for example, the TS value is 22.7
for Bfield2, compared with 21.5 for 30 bins), likely due
to the fact that the oscillation effect is narrower than the
widths of the energy bins.
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FIG. 2: The TS value as a function of ALP mass ma and photon-ALP coupling constant gaγ for IC443. Three subpanels are for
three different magnetic field models. For better visualization we set the upper boundary of the color bar scale to the TSmax in
the scanning and truncate the lower one to −TSmax. The black dashed line shows the upper limit of the photon-ALP coupling
set by CAST [5].
B. Instrument performance
In order to estimate the systematic uncertainties from
the instrument performance [23–25], we repeat the anal-
ysis for two of the brightest pulsars, Geminga and Vela.
Both pulsars are very close, and the propagation dis-
tances of γ-ray photons are so small that the expected
photon-ALP oscillation effects are weak. Furthermore,
Geminga is located just 6◦ away from IC443, and the in-
strumental performance for Geminga should be similar
to that for IC443. Therefore, Geminga is a good object
to evaluate the systematic uncertainties on the observa-
tions due to instrument performance. The result of Vela
is adopted as a further cross-check.
The intrinsic spectrum of Geminga is modeled
by a power law with a superexponential cutoff
PLSuperExpCutoff4(
dN
dE
)
pulsar
= N0
(
E
E0
)γ1
exp
[
−
(
E
Ec
)γ2]
. (6)
The scale parameter E0 is again fixed to be the value
from 3FGL [27], while other parameters (N0, Ec, γ1, γ2)
are left free in the fit.
The TS values are found to be about 6–9 for the three
magnetic field models, as shown in Table I. Figure 5
shows the TS value distribution on the (ma, gaγ) plane
(left) and the best-fit results of the spectra (right) of
Geminga, for Bfield2. The result indicates that the ob-
tained SED of Geminga is well described by the assumed
intrinsic spectral model, and no obvious photon-ALP os-
cillation is found. For the case of Vela, the TS values
shown in Table. I and Fig. 6 are even smaller. Hence we
4 https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/
source_models.html
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FIG. 3: The Fermi-LAT observed SED of IC443, compared
with the best-fit models without (dashed) and with (solid)
photon-ALP oscillation, for Bfield2.
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FIG. 4: The TS value as a function of ALP mass ma photon-
ALP coupling constant gaγ for IC443 with 80 energy bins, for
the case of Bfield2.
believe that the spectral irregularity of IC443 should not
be due to instrumental effects.
For the sake of conservation, we also introduce 3% sys-
tematic uncertainty of the effective area into the analysis,
as recommended by the Fermi-LAT Collaboration5. We
find that the TS value decreases to 13.4 for Bfield2, which
corresponds to a statistical significance of 3.2σ.
Furthermore, there are still large sources of uncertain-
ties on the prediction of the fluxes, such as residual parti-
cle background, energy resolution, the point-spread func-
tion, and uncertainties on energy scale calibration, which
have been discussed in detail in [24]. In order to quantify
the whole systematic uncertainty from the instrument
5 https://fermi.gsfc.nasa.gov/ssc/data/analysis/LAT_
caveats.html
performance, we repeat the analysis for Geminga with a
relative systematic uncertainty on the flux and artificially
increase it until the resulting χ2 per degree of freedom
is ∼ 1, similar to the data-driven method in [24]. The
relative systematic uncertainty we get is 1.5%, which is
smaller than the 3% systematic uncertainty of the effec-
tive area we introduced. We therefore do not carry out
further corrections on our result.
C. Other systematic uncertainties
Since IC443 is located near the Galactic plane, the
model of the Galactic diffuse emission could probably
affect the measurement of the spectrum. In general,
the spectrum of the Galactic diffuse emission, which is
smooth and continuous, barely leads to apparent oscil-
lation of the spectrum of the target source. Further-
more, IC443 is in the direction of the Galactic anticenter.
Therefore, we expect that the uncertainty of the Galactic
diffuse emission would not significantly affect our result.
To examine the uncertainty from the Galactic mag-
netic field model, we have considered three kinds of mod-
els in the analysis. As we can see from Fig. 2, the best
fit parameters depend sensitively on the magnetic field
model. However, the TS values are almost unchanged.
Finally, there are some uncertainties of the model of
the intrinsic spectrum. Due to the spatial extension of
IC443, the γ-ray photons of IC443 may come from sev-
eral different sub-zones. The spectral irregularity may be
due to the sum of radiation from different regions, which
overlaps due to limited angular resolution.
VI. SUMMARY
In this work, we have searched for possible spec-
tral oscillations expected due to photon-ALP mixing
in the Galactic magnetic field in the spectra of three
bright SNRs. Assuming three representative models of
the Galactic magnetic field (i.e., Bfield1, Bfield2 and
Bfield3), we fit the coupling constant (gaγ) and ALP mass
(ma) with the data. For the case of Bfield2, we find an
oscillation in the spectrum of IC443 with a statistical sig-
nificance of 4.2σ. The best-fit ALP mass isma = 6.6 neV,
and the coupling is gaγ = 13.4× 10−11 GeV−1, which ex-
ceeds the upper bound (gaγ < 6.6×10−11 GeV−1) set by
the CAST experiment [5]. No significant spectral oscil-
lation for the other two SNRs is found.
Some systematic uncertainties, such as the way of bin-
ning and the instrument performance are discussed in
detail. We find that the oscillation in the observed spec-
trum of IC443 is hardly induced by such systematic un-
certainties. It is likely that the intrinsic spectrum of
IC443 itself is irregular, probably due to the sum of dif-
ferent radiation regions. Further efforts are required to
obtain more insights in this puzzle.
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FIG. 5: Left panel: The TS value as a function of ALP mass ma and photon-ALP coupling constant gaγ for Geminga. Right
panel: The SED of Geminga and the best-fit spectra without and with photon-ALP oscillations. Bfield2 is adopted.
Finally, we would like to point out that the Dark
Matter Particle Explorer (DAMPE), a currently on-
orbit space telescope for high-energy γ-ray, electron, and
cosmic-ray detection with outstanding energy resolution
in a wide energy range [38, 39], may contribute signifi-
cantly to the search of photon-ALP oscillations.
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8Appendix A: Results for W44, W51C and Vela
10 1 100 101 102
ma [neV]
10 1
100
101
102
g a
 [1
0
11
Ge
V
1 ] CAST
W44 _Bfield_2
3
2
1
0
1
2
3
TS
 =
 
2 w/
oA
LP
2 wA
LP
103 104 105
Energy [MeV]
10 9
10 8
10 7
E2
 d
N/
dE
 [G
eV
2 c
m
2 s
1 G
eV
1 ]
W44_Bfield_2
2
w/oALP = 23.62
2
wALP = 19.71
10 1 100 101 102
ma [neV]
10 1
100
101
102
g a
 [1
0
11
Ge
V
1 ] CAST
W51C _Bfield_2
3
2
1
0
1
2
3
TS
 =
 
2 w/
oA
LP
2 wA
LP
103 104 105
Energy [MeV]
10 8
10 7
E2
 d
N/
dE
 [G
eV
2 c
m
2 s
1 G
eV
1 ]
W51C_Bfield_2
2
w/oALP = 23.60
2
wALP = 20.51
10 1 100 101 102
ma [neV]
10 1
100
101
102
g a
 [1
0
11
Ge
V
1 ] CAST
Vela _Bfield_2
0.3
0.2
0.1
0.0
0.1
0.2
0.3
TS
 =
 
2 w/
oA
LP
2 wA
LP
103 104 105
Energy [MeV]
10 9
10 8
10 7
10 6
E2
 d
N/
dE
 [G
eV
2 c
m
2 s
1 G
eV
1 ]
Vela_Bfield_2
2
w/oALP = 33.96
2
wALP = 33.67
FIG. 6: Left column: The TS value as a function of ALP mass ma and photon-ALP coupling constant gaγ . Right column:
The Fermi-LAT SED and the best-fit spectra without and with photon-ALP oscillations. Upper, middle and lower panel are
for W44, W51C and Vela, respectively. Bfield2 is adopted for all the results here.
